Background: FcRn controls the serum persistence of antibodies. Results: A panel of novel Fc mutations reveals sites controlling pH dependence and FcRn affinity. Conclusion: FcRn affinity thresholds determine IgG recycling efficiency. Significance: Knowledge of the relationship between FcRn binding and serum persistence can aid in designing better therapeutic antibodies.
The Fc domain of IgG has been the target of multiple mutational studies aimed at altering the pH-dependent IgG/FcRn interaction to modulate IgG pharmacokinetics. These studies have yielded antibody variants with disparate pharmacokinetic characteristics, ranging from extended in vivo half-life to those exhibiting extremely rapid clearance. To better understand pHdependent binding parameters that govern these outcomes and limit FcRn-mediated half-life extension, we generated a panel of novel Fc variants with high affinity binding at acidic pH that vary in pH 7.4 affinities and assessed pharmacokinetic outcomes. Pharmacokinetic studies in human FcRn transgenic mice and cynomolgus monkeys showed that multiple variants with increased FcRn affinities at acidic pH exhibited extended serum half-lives relative to the parental IgG. Importantly, the results reveal an underappreciated affinity threshold of neutral pH binding that determines IgG recycling efficiency. Variants with pH 7.4 FcRn affinities below this threshold recycle efficiently and can exhibit increased serum persistence. Increasing neutral pH FcRn affinity beyond this threshold reduced serum persistence by offsetting the benefits of increased pH 6.0 binding. Ultra-high affinity binding to FcRn at both acidic and neutral pH leads to rapid serum clearance.
pH-dependent FcRn binding is considered crucial to both the transfer of maternal IgG to the neonate via the placenta and homeostasis of IgG and serum albumin (SA) 3 in humans. The generally accepted model of FcRn-mediated IgG homeostasis states that IgG, upon internalization via pinocytosis, binds to FcRn in the acidic endosome and is salvaged via trafficking to the cell surface (pH 7.4), where it is returned to circulation, thereby maintaining high serum levels of IgG (1) (2) (3) (4) (5) (6) (7) . It is proposed that specific histidine residues on the IgG Fc and SA facilitate pH-dependent binding by toggling between positively charged and neutral states in different pH environments (5, 8 -11) . In the acidic endosome, positively charged histidine side chains can interact favorably with negatively charged side chains of FcRn; however, this affinity is greatly diminished at the neutral cell surface where IgG and SA are released into circulation. This hypothesis is supported by numerous genetic and mutagenesis studies as well as recent crystallographic data (12, 13) .
The mechanism of FcRn-mediated IgG recycling has been exploited to engineer therapeutic antibodies and Fc-fused biologics with altered pharmacokinetic (PK) properties, such as longer serum persistence (14, 15) . The guiding engineering principle for generating antibodies with longer half-lives has been to increase binding affinity to FcRn at acidic pH while maintaining minimal binding at neutral pH (11) . Despite the observation that mutations generating increased FcRn affinity at acidic pH generally produce concurrent neutral pH affinity increases (16) , multiple variants have been described that exhibit higher serum half-life than endogenous IgG in transgenic human FcRn (hFcRn) mice and primates (16 -20) , including the M252Y/S254T/T256E mutation (referred to as the YTE mutation hereafter) (11, 21, 22) capable of extending antibody serum half-lives by more than 90 days in humans (23). However, some engineered variants with similarly improved FcRn binding characteristics do not exhibit expected increases in in vivo half-life (24 -26) . Furthermore, IgG with greatly increased FcRn binding at both pH 6.0 and pH 7.4 can exhibit very fast clearance and can enhance the degradation of endogenous IgG (11, 27) . These examples highlight the complex relationship between FcRn affinity, pH dependence, and in vivo clearance as well as the engineering challenges inherent in this system.
In this study, we explore the potential limits of FcRn-mediated half-life extension to better understand the binding parameters that govern IgG recycling. Our work focuses on engineering the FcRn binding of an Fc variant that shows ultrahigh binding affinity at both pH 6.0 and pH 7.4 and exhibits rapid serum clearance. We targeted His-435 and adjacent residues in the C H 3 domain because mutations in this region have been shown to drastically influence the pH-dependent capabil-ity of IgG to bind FcRn and have yielded variants with either increased or decreased serum half-lives (11, 17, 20, 27) . By pH binding selection, we isolated a panel of variants that maintain high affinity binding at pH 6.0 but vary in pH 7.4 affinities. Many of these variants extend serum half-life similarly to YTE in hFcRn mice and in cynomolgus monkeys. Our results reveal an underappreciated affinity threshold at neutral pH that governs IgG PK outcomes of affinity-improved FcRn-binding variants. Once this binding threshold is satisfied, serum clearance decreases with increased pH 6.0 FcRn binding. Understanding the parameters that govern pH-dependent binding and IgG recycling will aid in the design of Fc containing biologics and expand their application.
EXPERIMENTAL PROCEDURES
Reagents and Figures-All chemicals were of analytical grade. Restriction enzymes and DNA-modifying enzymes were purchased from New England Biolabs. Oligonucleotides were purchased from Integrated DNA Technologies. An anti-CD20 antibody (HB20-3) (28) and the anti-RSV antibody motavizumab (29) were used as backbones for characterization of Fc variants. Recombinant human and cynomolgus FcRn were expressed and purified as described previously (11) . Antibody positions are listed according to the Kabat EU numbering convention (30) . Images for Fig. 1 were generated using the YTE Fc-FcRn-SA complex structure (Protein Data Bank entry 4N0U) (12) and PyMOL (Schrödinger, LLC). Sequence Logo (31) figures were generated using Weblogo (32) .
Construction of Phage Libraries-DNA encoding IgG1 Fc (including YTE mutations in C H 2) (11) starting from Glu-216 (Kabat numbering) to the Fc C terminus was cloned as a gene-3 fusion into a phagemid vector. The cysteine loop library was constructed using a degenerate primer that randomized at positions 433, 434, 435, and 436 with the NNS codon (Fig. 1A) . Positions 432 and 437 encoded cysteines, and an additional codon encoding glutamic acid was inserted following T437C. For the charged loop library, a PCR primer was designed with a fixed histidine at position 435 while randomizing positions 433, 434, and 436 (via an NNS codon). At positions 432 and 437, an STE codon was placed in the primer, encoding histidine, glutamic acid, aspartic acid, or glutamine. The Fc gene generated with the designed primers was cloned into a phagemid vector by restriction cloning.
pH Binding Screening of Phage Library-Phage libraries were panned against biotinylated, recombinant FcRn essentially as described (11) . Briefly, 2 g/ml biotinylated, recombinant human and mouse FcRn were mixed and added to Maxisorp neutravidin immunoplate (Pierce). The plate was then blocked with 3% milk for 1 h at room temperature and then washed with 20 mM MES buffer (pH 6.0) before adding phage. Library phage (6 ϫ 10 12 pfu) prepared in 20 mM MES buffer, pH 6.0, plus 0.05% Tween 20 and 3% milk was added to FcRn-coated wells. Following 2 h of incubation at 37°C, the wells were washed 20 times with 20 mM MES buffer, pH 6.0, plus 0.05% Tween 20 and 0.3 M NaCl. The bound phage were eluted by 100 l of PBS, pH 7.4, for 30 min at 37°C. To discourage pH 7.4 binding, eluted phage were added to wells freshly coated with FcRn at pH 7.4 for 1 h at 37°C. Unbound phage were collected and used to infect TG1 cells. The pH binding screen to each library was performed four times with the pH 7.4 binding depletion step at the end of each round of screening.
Phage ELISA-Maxisorb neutravadin plates were coated with 2 g/ml biotinylated hFcRn at 4°C overnight. Plates were then washed three times with 100 mM sodium phosphate buffer and blocked with 3% milk. pH 6.0 and pH 7.4 binding ELISAs were performed in phosphate buffers of the appropriate pH. 10 9 phage were used for the respective ELISA, and phage incubation was performed at room temperature for 1 h. Following binding, plates were washed three times with pH 6.0 or pH 7.4 sodium phosphate buffer with 0.2% Tween 20. Anti-M13 HRP (1:5000) was then added and incubated 30 min before washing and the addition of 3,3Ј,5,5Ј-tetramethylbenzidine substrates. Absorbance at 450 nm was measured after development with 3,3Ј,5,5Ј-tetramethylbenzidine substrate (KPL) according to the manufacturer's directions.
Surface Plasmon Resonance (SPR) Measurements-The interaction of recombinant hFcRn with immobilized antibody variants was monitored by SPR with a ProteOn TM XPR36 (BioRad) (33) . Antibodies were first coupled to a GLC sensor chip using a ProteOn TM amine coupling kit (Bio-Rad) according to the manufacturer's instructions. Excess reactive groups were blocked with a 6-min injection of 1 M ethanolamine. Antibodies were immobilized at a surface density between ϳ1000 and 5000 reference units for equilibrium measurements and Ͻ500 response units for kinetic binding experiments. FcRn was used at concentrations ranging from 0.45 nM to 3 M at a flow rate of 25 l/min for steady-state measurements and 75 l/min for kinetic measurements. One channel was always left unmodified to provide a blank reference surface. Dilutions and binding experiments were carried out at 25°C in phosphate-buffered saline (PBS), pH 6.0 or pH 7.4, containing 0.05% Tween 20. Antibody surfaces were regenerated with a 15-s injection of 5 mM HCl. Binding affinities were determined by using the ProteOn TM Manager software (Bio-Rad). Dissociation constants (K D values) were determined by fitting the corresponding binding isotherms for steady-state data or by fitting the kinetics for association and dissociation employing a 1:1 Langmuir mass transfer model. Equilibrium K D values greater than 10,000 nM are reported in tables as "Ͼ10,000" because the highest concentration of FcRn evaluated was 3 M. Representative sensograms and kinetic data for all variants listed in Table 2 are included in supplemental Table 1 .
In Vivo PK in hFcRn Transgenic Mice-hFcRn transgenic mice used in this study are the F1 cross of murine FcRn-deficient B6.129X1-Fcgrt tm1Dcr /DcrJ and hFcRn cDNA transgenic line B6.Cg-Fcgrt tm1Dcr Tg (CAG-FCGRT) 276 Dcr/DcrJ (7, 34). Sex-matched (6 -16-week-old) hFcRn mice were given a bolus intravenous dose of 2.5 mg/kg antibody on day 0. Eight mice were used per antibody, with two groups of mice (A group or B group) bled at alternate time points. Blood samples were obtained from the retro-orbital plexus using capillary pipettes at different time points throughout the 2-3-week studies. A quantitative ELISA was used to monitor the serum concentrations of the tested antibodies. Briefly, 96-well plates were coated with 2 g/ml AffiPure goat anti-human F(abЈ)2 fragment-specific antibody (Jackson Immunoresearch). Plates were blocked with 3% BSA in PBS for 1 h and then incubated with appropriately diluted serum samples (1:200 for earlier time points and 1:50 or 1:100 for later time points). Goat anti-human Fd-specific HRP-conjugated antibody (Southern Biotechnology Associates) was used to detect the human antibody (dilution 1:10,000). Absorbance at 450 nm was measured after development with 3,3Ј,5,5Ј-tetramethylbenzidine substrate (KPL) according to the manufacturer's directions. Standard curves were generated for each antibody variant diluted into 1:100 prebleed mouse serum (taken at day Ϫ3). The linear portions of standard curves generated in Prism (GraphPad Software) were then used to quantify human IgG in the serum samples.
In Vivo PK in Cynomolgus Monkey-A non-GLP PK study was carried out to determine antibody serum persistence. Twelve female cynomolgus monkeys were randomized and assigned to one of three study groups. Each animal received an intravenous dose of motavizumab, YTE-motavizumab, or Y31-YTE-motavizumab at 10 mg/kg. Blood samples were drawn prior to dosing on day 0; at 1, 4, and 12 h after dosing; and at 2, 3, 4, 8, 15, 22, 29, 42, 57, 71 , and 85 days after dosing. The serum concentrations of antibodies were determined using the antimotavizumab ELISA as described previously (21) with a separate standard curve generated for each variant tested.
PK Data Analysis-Data collected from hFcRn mice and the cynomolgus monkey PK studies were analyzed using non-compartmental analysis model 201 of Phoenix WinNonlin version 5.2 (Certara, Princeton, NJ). AUC inf (area under the curve to infinity) was calculated using the log-linear trapezoidal method. Terminal half-life (t1 ⁄ 2 ) was calculated using log-linear regression of the concentration data, including at least the last three sampling time points with measurable concentrations. Serum clearance was estimated as CL ϭ dose/AUC inf . Descriptive statistics for major PK parameters were then calculated.
RESULTS

Engineering and Identification of pH-dependent, High Affinity FcRn-binding Fc Variants from a Phage
Library-A high affinity FcRn-binding Fc variant exhibiting poor pH dependence, N3E-YTE, was identified by screening a phage library containing combinatorial mutations in the His-435 loop, including an amino acid insertion after residue 437. N3E-YTE also harbors the YTE mutation in C H 2, which improves FcRn binding and serum half-life in experimental models and in humans (21, 23 ). Intriguingly, N3E-YTE was found to contain two cysteine residues at positions 432 and 437, forming the base of the His-435 loop. The N3E-YTE sequence and the His-435 loop of IgG1 are shown in Fig. 1 . To engineer pH-dependent binding into this high affinity variant, a new Fc library was generated by randomizing the intervening sequences between L432C and T437C (cysteine library; Fig. 1A ). This library was screened with a goal of identifying variants that retained high affinity binding at pH 6.0 yet exhibited low affinity at neutral pH. A pH 7.4 binding step following pH 6.0 binding selection was added to deplete variants with high neutral pH affinity to FcRn. A phage ELISA was also used to characterize binding of individual phage clones at both pH 6.0 and pH 7.4 after four rounds of panning. Several clones were identified that showed significantly reduced binding at pH 7.4 yet still bind strongly to FcRn at pH 6.0 (Fig. 2) . Sequence analysis of clones showed that His-435 was unanimously selected, highlighting the key role of this residue in FcRn binding. Additionally, clones that showed improved pH binding dependence (e.g. C37-YTE, C56-YTE, C73-YTE, and C59-YTE) were highly enriched with positively charged amino acid arginine at position 433, 434, or 436 (Fig. 2) .
Another library (charged library) was designed to replace the cysteine residues at positions 432 and 437 with charged residues, including histidine, and randomized amino acids at positions 433, 434, and 436 while leaving His-435 unchanged (Fig.  1A) . We reasoned that charged amino acids at the base of the loop may introduce pH-dependent changes that could be additionally beneficial to pH-dependent FcRn binding. In this charged library, Glu, Asp, or His was introduced at positions 432 and 437. Glutamine was also encoded at these positions due to the use of degenerated oligonucleotides in library construction. The Glu insertion at position 437* was not included in the charged library (Fig. 1) . The same pH-dependent selection scheme used to screen the cysteine library was used to screen the charged library. Following four rounds of panning, individual phage clones were sequenced, and their binding was screened via phage ELISA as described above. Unlike the cysteine library results, the majority of the clones identified from the charged library exhibited improved pH-dependent binding compared with N3E-YTE, demonstrated by the high ratio of pH 6.0 versus pH 7.4 binding in the phage ELISA (Fig. 3A) . Furthermore, a consensus sequence pattern of 432 ER(Y/F)HRQ 437 was revealed in the clones (Fig. 3B) . Residues with aromatic side chains were highly enriched at position 434, as were positively charged amino acids (especially arginine) at 433 and 436. Glu and Gln were the preferred amino acids at positions 432 and 437, respectively, in the pH-dependent binding clones.
SPR Binding Characterization of FcRn-binding Variants as
IgG-Variants of N3E-YTE and a panel of variants from the cysteine and charged libraries were initially generated as IgGs in the HB20.3 (anti-CD20) background (28) for further characterization. SPR was used to measure binding of purified antibodies to FcRn at both pH 6.0 and pH 7.4 (Table 1) .
To determine which mutations conferred the extreme FcRn affinity increases and poor pH dependence to N3E-YTE, N3-YTE (lacking the Glu insertion after position 437) and N3E (lacking YTE) were generated. N3-YTE had a slight pH 6.0 decrease and a significant affinity decrease at 7.4 relative to N3E-YTE, indicating that the glutamate insertion does play a role in reducing pH dependence (Table 1) . N3E had significantly reduced affinity at both pH 6.0 and pH 7.4, suggesting that the combination of N3E with the YTE mutations in C H 2 is responsible for the ultra-high affinity of N3E-YTE. Additionally, the L423C/T437C mutation (CwtC-YTE) was generated. This variant did not improve FcRn binding compared with YTE, indicating that the cysteines alone do not confer affinity increases in N3E-YTE (Table 1) .
Variants from the charged library, such as Y3-YTE, Y12-YTE, and Y31-YTE, show ϳ3-6-fold binding affinity improvements over YTE at pH 6.0. The pH 7.4 binding of all tested variants identified in either library was significantly reduced compared with N3E-YTE. Many variants exhibit neutral pH FcRn affinity similarly to YTE IgG (Ͼ5 M). Cysteine loop library variants showing pH dependence in phage ELISA maintained pH-dependent binding as full-length IgGs as well; however, these variants did not exhibit improved pH 6.0 affinity to FcRn compared with YTE.
As previous studies have shown that variable domains can influence Fc and FcRn interaction (24, 35, 36) , the FcRn binding of a few high affinity, pH-dependent clones was tested in an additional IgG1 background, motavizumab (Table 2) (29) . Clones Y12-YTE, Y31-YTE, and Y3-YTE were generated in themotavizumab background, and FcRn binding was examined. The pH 6.0 binding of these clones, as well as of YTE, N3E, N3-YTE, and N3E-YTE in motavizumab, is consistent with binding in the anti-CD20 background. Interestingly, binding at pH 7.4 varied in some mutants upon switching variable domains, with either increased binding (Y31-YTE) or decreased binding (YTE) to FcRn observed. Additionally, clones Y12 and Y31 (lacking the YTE mutation) exhibited reduced FcRn binding at both pH 6.0 and pH 7.4, suggesting that the contribution of YTE to binding is not sensitive to pH.
SPR Binding Characterization of Y31-YTE Variants-The role that highly enriched hydrophobic aromatic residues at the 434 position play in FcRn affinity was interrogated by mutating N434F to all 19 other amino acids in the Y31-YTE motavizumab background (Table 3) . SPR binding to FcRn shows that aromatic amino acids (including histidine) confer large affinity increases to FcRn at both acidic and neutral pH. Neither hydrophobic non-aromatic residues nor polar amino acids at the 434- Table  1 FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 position had improved binding, and charged amino acids were detrimental to FcRn binding. Serum Clearance in hFcRn Mice-Serum clearance of several motavizumab variants harboring the engineered Fcs were tested in hFcRn transgenic mice. In these experiments, mice were dosed with 2.5 mg/kg antibody, and serum antibody concentrations were determined in an ELISA. Table 2 summarizes the relevant PK parameters as well as the sequences and FcRn binding properties of the tested antibodies. Serum clearance of representative variants is plotted in Fig. 4A . As expected, the YTE mutation reduced the serum clearance by ϳ2.5-fold compared with motavizumab. N3E-YTE showed rapid clearance of 373 ml/day/kg, approximately 6 times faster than motavizumab, confirming that high affinity binding at pH 7.4 can be detrimental to the antibody recycling. All engineered variants tested except for N3-YTE and N3E-YTE exhibited 1.6 -2.5-fold reduced serum clearance compared with motavizumab, despite notably increased pH 7.4 binding in many variants compared with YTE or the parental IgG. For instance, N3E exhibits substantial binding at pH 7.4 (K D of 860 nM) yet has a clearance significantly less than motavizumab (Fig. 4A) . However, N3-YTE with further increased neutral pH binding (K D of 383 nM) did not confer reduced clearance, indicating that the neutral pH binding is beginning to detrimentally affect serum persistence. As expected, the ultra-high affinity binding at both acidic and neutral pH in variant N3E-YTE led to over 6-and 16-fold faster serum clearance relative to motavizumab and YTE-motavizumab, respectively. Fig. 4B further illustrates the relationships between binding and clearance.
pH-dependent FcRn Binding and IgG Clearance
PK in Cynomolgus Monkeys-The PK of Y31-YTE, which exhibits slow clearance in hFcRn mice, was further tested in cynomolgus monkeys together with motavizumab and YTEmotavizumab. Fig. 5 shows the average serum concentrationtime profiles as well as the profiles of individual animals within each group. In agreement with a previous study (21) , YTEmotavizumab had extended serum half-life versus motavizumab in cynomolgus monkeys. Y31-YTE also had improved PK properties versus motavizumab; however, three animals in the Y31-YTE group exhibited abrupt drop-offs in serum concentrations near the 500 h time point (Fig. 5D) , possibly indicating that anti-drug antibodies were clearing the variant. Similar decreases in the motavizumab and YTE-motavizumab 
group were not seen or were less profound during this period. Cynomolgus FcRn binding affinities and PK parameters are summarized in Table 4 .
DISCUSSION
Engineering the pH-dependent interaction between IgG and FcRn has been a central approach for modulating the PK of potential therapeutic antibodies. There are currently many examples of Fc variants with increased FcRn binding at acidic pH having improved in vivo half-lives (16 -21) . However, additional studies suggest that a more complex relationship exists between FcRn affinity increase and improved half-life (25, 26, 37) . In this study, we sought to understand how increased neutral pH binding can limit in vivo half-life improvements and to better define at what point gains in serum persistence are hindered by excess FcRn affinity at the neutral cell surface.
We characterized a panel of variants with increased FcRn binding affinity at acidic pH and variable binding at pH 7.4. Our data show that high affinity FcRn binding at pH 6.0 can yield substantial serum half-life increases compared with parental IgG1 despite considerable FcRn binding at pH 7.4 (up to 860 nM). These findings are exemplified by Y31-YTE and N3E motavizumab, which have neutral pH K D values of 1160 and 860 nM, respectively (K D of 84 and 41 nM at pH 6.0) and exhibit 2-3-fold slower clearance compared with motavizumab in hFcRn mice. In cynomolgus monkeys, Y31-YTE motavizumab exhibits ϳ2-fold lower clearance than the parental antibody. These data support a direct correlation between increased FcRn affinity at acidic pH and increased serum persistence until a point where neutral pH binding limits and eventually reverses these improvements. This neutral pH threshold is exemplified by N3-YTE motavizumab, which lacks any PK improvement yet has substantial FcRn affinity increases compared with motavizumab (pH 6.0 K D of 13 nM and pH 7.4 K D of 383 nM) . Similarly to N3-YTE, IgG Fc variants having high neutral pH FcRn affinities (as low as ϳ100 nM) have been described that exhibit serum persistence values near that of the parental IgG (16, 38) . In these variants and with N3-YTE, PK improvements achieved by increased FcRn affinity at acidic pH are offset by hindered exocytosis at the neutral cell surface, yielding no net gain in serum persistence. Finally, variants characterized by ultra-high affinity FcRn binding at neutral pH (e.g. N3E-YTE) exhibit serum persistence much shorter than the parental IgG. The reduced half-life is probably driven by severely impaired exocytosis, which can in turn even impair endogenous IgG recycling, resulting in Abdeg antibodies (27) .
The novel variants described in this paper have a wide range of FcRn affinities at pH 6.0 and 7.4. Analysis of the isolated mutations in the context of the recently solved YTE Fc-FcRn-HSA crystal structure (12) can aid in further explaining the individual affinity contributions of mutations in the variants described. The ultra-high affinity of N3E-YTE at both acidic and neutral pH is probably due to several contributing factors, including the YTE mutations, hydrophobic residues at posi- FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 tions 434 and 436, a glutamic acid insertion after residue 437, and the cysteines encoded at positions 432 and 437 (Fig. 1) . Among these mutations, N434W is probably responsible for a significant portion of the affinity gain via introducing a new hydrophobic interaction with Leu-135 of FcRn (Fig. 1B) . The N434W point mutation has been shown to confer increased binding affinity to FcRn at both acidic and neutral pH (16) . Our results from substituting all 19 additional amino acids for N434F in Y31-YTE motavizumab show that only amino acids with aromatic side chains (Phe, Tyr, Trp, and His) at position 434 have significant FcRn affinity gains relative to YTE-motavizumab (Table 3) , supporting the role of these mutations in the noted affinity gains. The disulfide bond between L432C and T437C, verified by mass spectrometry (data not shown), serves to stabilize the loop and orients the solvent-exposed hydrophobic residues responsible for the FcRn affinity increase; L432C/ T437C alone, however (Table 1) , has no effect on FcRn binding.
pH-dependent FcRn Binding and IgG Clearance
The cysteine library was designed to identify pH-dependent FcRn-binding variants by retaining the N3E-YTE cysteines at positions 432 and 437 but randomizing intervening sequences. His-435 was unanimously selected in round four variants, confirming the importance of this residue in FcRn binding (10) . However, recent structural data suggest that although His-435 may have an important structural role, it does not interact directly with negatively charged side chains on FcRn (12), and His-310 is actually the critical histidine for imparting pH dependence. Additionally, cysteine library variants with improved pH dependence were enriched for arginine at positions 433, 434, and 436. Although these mutations (e.g. C37-YTE, C83-YTE, etc.) reintroduced pH dependence into L432C/T437C-containing variants, it was at the expense of pH 6.0 affinity because these variants showed no binding improvement over YTE (Table 1) . It was only with the charged loop library that multiple pH-dependent, higher affinity Fcs were isolated. We speculate that the rigidity imposed by an L432C/T437C disulfide bond may be deleterious to pH dependence, whereas charged or polar residues at these positions (as in the charged loop library) can main- 
tain loop flexibility and adopt a loop orientation favorable to pH-dependent binding. Multiple pH-dependent, high affinity pH 6.0 binding variants were identified from the charged loop library. These variants had bulky hydrophobic residues at position 434 (like N3E-YTE) yet were still able to confer pH-dependent FcRn binding and significantly improved serum persistence. Modeling again suggests that hydrophobic residues at the 434-position can interact with Leu-135 on FcRn, explaining the affinity increase. Intriguingly, in the orientation observed in the Fc-FcRn complex (12) , bulky side chains at position 434 will clash with the Asp-130 side chain on FcRn (Fig. 1B) . To account for this bulky residue at 434, we propose that an alternate Asp-130 rotamer (which faces away from the 434 side chain and toward His-435) may be imposed, which positions Asp-130 within distance to interact with His-435, resulting an additional pH-dependent interaction. We suspect that this, in the context of L432E/T437Q mutations at the base of the loop, allows the charged loop library variants to exhibit pH dependence, whereas N3E-YTE (and to a lesser extent N3-YTE and the majority of cysteine loop library clones) does not.
In this study, the novel variant with the longest half-life in hFcRn mice, Y31-YTE, had almost 3-fold slower clearance than motavizumab and ϳ5-fold longer half-life. These data put Y31-YTE among the top PK improved variants described so far (14) . PK data in cynomolgus monkeys also showed improvements for Y31-YTE relative to motavizumab (Table 4) , despite sharp drops in the Y31-YTE serum levels in three of four animals, indicative of anti-drug antibody-mediated clearance. PK modeling based on our data and those of others suggests that there is probably little room for significant half-life extension (beyond the 3-4-fold enhancement already achieved) by continued FcRn binding engineering. Although our results are consistent with many others in showing that altering FcRn affinity can be used to predictably change the PK outcomes of antibodies, many factors other than FcRn binding (e.g. antibody stability and variability in antigen distribution) also play a role in determining the ultimate PK outcome of an engineered antibody. In this regard, we do envision that extremely long half-lives of Fc-containing molecules could be achieved by combining FcRn binding engineering with FcRn-independent half-life-extending technologies, such as pI optimization (39) and pH-dependent antigen binding engineering (40, 41) .
